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Abstract 
The ultrafast dynamics of a bimolecular excited state proton transfer (ESPT) reaction between the 
photoacid 7-hydroxy-4-(trifluoromethyl)-1-coumarin (CouOH) and 1-methylimidazole (MI) base 
in aprotic chloroform-d1 solution were investigated using ultrafast transient infrared (TRIR) and 
transient absorption (TA) spectroscopies. The excited state lifetime of the photoacid in solution is 
relatively short (52 ps) which at the millimolar photoacid and base concentrations used in our study 
precludes any diffusion-controlled bimolecular ESPT reactions. This allows the prompt ESPT 
reaction between hydrogen bonded CouOH and MI molecules to be studied in isolation, and the 
‘contact’ ESPT dynamics to be unambiguously determined. Our time resolved studies reveal 
ultrafast ESPT from the CouOH moiety to hydrogen bonded MI molecules occurs within ~1 ps, 
tracked by unequivocal spectroscopic signatures of CouO–* photoproducts which are formed in 
tandem with HMI+. Some of the ESPT photoproducts subsequently p-stack to form exciplexes on 
a ~35 ps timescale, minimizing the attractive Coulombic forces between the oppositely charged 
aromatic molecules. For the concentrations of CouOH and MI used in our study (up to 8 mM), we 
saw no evidence for excited state tautomerization of coumarin anions. 
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Introduction 
Proton transfer is a fundamental reaction that is ubiquitous throughout biology and chemistry.1 
The transfer of a proton is the most facile method of delivering a positive charge. Yet, despite the 
apparent simplicity of a proton transfer,2 it has enormous consequences for the outcome of 
chemical reactions, for example, catalyzing enzyme reactions,3 or creation of trans-membrane 
proton gradients in photosynthesis that provide an essential driving force for ATP synthesis.4,5 
 
In many cases, proton transfer is not instantaneous and requires stimulus to surmount the 
associated reaction barrier, which is often delivered via absorption of visible or ultraviolet light, 
however, the key reaction itself may occur on either ground6 or excited7 potential energy 
surface(s). The latter category of reaction is termed excited state proton transfer (ESPT), and the 
field has been dominated by the study of photoacids. Photoacids have larger acid dissociation 
constants in the excited state (pKa*) compared to the ground electronic state, and these differences 
are frequently evaluated using the Förster cycle.8,9 Recent studies have shown a strong correlation 
between photoacidity and the heteroatom–H stretching frequency of photoacids in a wide range of 
solvents.10  
 
ESPT can be further categorized into two subclasses; (i) intramolecular ESPT where a proton is 
transferred between two heteroatoms on the same molecule11,12 resulting in  
tautomerization13–18/isomerization,19 or (ii) bimolecular ESPT where H+ is transferred from the 
photoacid to a secondary molecule which may be part of the surrounding solvent,20–23 a base solute 
molecule,24–26 or a proximal protein residue.27–30 
 
The timescale of ESPT depends greatly on the reaction subclass and underpinning mechanism, 
spanning the extremes of instantaneous/ballistic to diffusion limited.31,32 Most reactions, however, 
sit in an intermediate regime where solvent re-organization must occur and/or proximal solvent 
molecules play a critical role in bridging or mediating ESPT.33–35 
 
From a technical perspective, ESPT reactions are challenging both theoretically and 
experimentally, often necessitating an even-handed quantum mechanical treatment of both proton 
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and electrons using advanced theoretical methods,36–38 and femtosecond temporal resolution to 
follow events that are commensurate to, or faster than, the solvent/environmental response.39 
 
Chemical systems where the acid and base concentrations can be readily controlled and 
photoacidity manipulated via judicious chemical substitution provides one convenient approach to 
systematically explore the molecular mechanisms of ESPT.  For example, functionalization of 
photoacids with electron withdrawing groups is known to reduce the pKa* via stabilization of the 
anion photoproduct.40 In our study, we investigated an bimolecular ESPT reaction between two 
solute molecules: 7-hydroxy-4-(trifluoromethyl)-1-coumarin (CouOH) and 1-methylimidazole 
(MI), in the aprotic solvent chloroform-d1 (CDCl3)- see Scheme 1 for structures. The excited state 
acid–base reaction has previously been investigated in toluene solution by Westlake et al. 25,26 
using coherent Raman, time-correlated single photon counting, and transient absorption 
spectroscopies. In these studies, the excited state dynamics were only investigated for a select few 
CouOH:MI concentration ratios, where the MI base was always in excess. As part of their reaction 
scheme, Westlake et al. reported ESPT between CouOH* and MI occurred a timescale of several 
tens of picoseconds and the coumarin anion photoproduct subsequently tautomerized on the 
excited state mediated by an excess of base MI molecules. We note that at the high concentrations 
used in the work by Westlake et al., the probability for forming MI aggregates is significant.41 
Savarese et al. also studied the CouOH–MI ESPT reaction using B3LYP density functional theory 
calculations.42–44 Despite these prior studies, there are numerous open questions regarding the 
precise timescale of ESPT for this reaction due to the limited time resolution of prior studies, the 
definitive identification of the nascent photoproducts and their immediate fates. 
 
In our study, we investigated the bimolecular ESPT reaction between CouOH and MI by 
systematically varying the concentration ratio between the photoacid and base to reveal 
unequivocal spectroscopic signatures of the photogenerated products and determine the 
involvement of any diffusion-assisted ESPT using a combination of transient absorption (TA) and 
time-resolved infrared (TRIR) ultrafast spectroscopies. This approach allowed us to gain insights 
into the earliest epoch of a prototypical biomimetic ESPT reaction and to track the fates of nascent 
photoproducts. Intentionally working at millimolar CouOH and MI concentrations made it 
possible to disentangle the photoproduct formation and rearrangement dynamics from the non-
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radiative relaxation dynamics of ‘free’ CouOH molecules. Under these conditions, we exclude 
relaxation pathways such as bimolecular diffusion-assisted ESPT or coumarin anion 
tautomerization in chloroform solution. Our experimental findings are supported by density 
functional theory theoretical calculations. 
 
Experimental and Theoretical Methods 
7-hydroxy-4-(trifluoromethyl)-1-coumarin and 1-methylimidaziole were purchased from Sigma 
Aldrich and used without further purification. Deuterated chloroform (CDCl3) solvent was used 
for all experiments (Sigma Aldrich, 99.8 atom % D, purity > 99.0%). Our studies explored a variety 
of different CouOH/MI solution mixtures. 
 
TA and TRIR experiments were performed using an established ultrafast system.45 Briefly, 330 
nm pump laser pulses (~100 fs, 6 nm FWHM) was generated using a commercial optical 
parametric amplifier (OPA) and utilized in both TA and TRIR experiments. The pump fluence was 
attenuated to ~400 nJ at the sample. TA experiments used a white light supercontinuum probe, 
which was generated by focusing a small portion of the Ti:Sapphire fundamental into a rastered 
CaF2 window. Pump scatter was removed using a 340 nm long pass filter. For TRIR measurements 
a second OPA was used to generate broadband (~150 fs, ~300 cm-1) mid-IR probe pulses, centered 
at 1380 cm-1 or 1460 cm-1. All ultrafast measurements were recorded using a magic angle 
polarization configuration. Samples were flowed continuously throughout experiments using a 
customized Harrick flow cell (CaF2 windows), with 170 µm and 250 µm pathlengths for TA and 
TRIR measurements, respectively. Data were acquired at least three times for every mixture, using 
a freshly prepared solution each time. 
  
Density functional theory (DFT) and time-dependent DFT (TD-DFT) theoretical calculations, with 
the ωB97XD exchange-correlation functional and a 6-31+G** basis set were used to optimize the 
minimum energy structures of various CouOH, MI and photoproduct structures in both ground 
and excited electronic states. Harmonic vibrational frequencies were calculated to verify the 
optimized structures obtained were true minima and to assist in the assignment of TRIR data. All 
calculations used a polarizable continuum model (PCM) to implicitly model the chloroform 
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solvent, and performed in the Gaussian09 computational suite.46 An electron–hole density analysis 
was performed using Multiwfn.47 
 
Steady state ultraviolet spectra were acquired using a Thermo Scientific Genesys 10S UV-Vis 
Spectrophotometer. Fourier-transform infrared (FTIR) data were acquired with a Perkin Elmer 
Spectrum Two FTIR Spectrometer. One and two-dimensional fluorescence spectra were collected 
with a Perkin-Elmer LS-45 Luminescence Spectrometer. All measurements were performed at 
room temperature (~20 ºC). 
 
Results and Discussion 
Ground State Association Equilibrium Characterization 
We first investigated the ground state hydrogen bonding constant between CouOH and MI 
molecules in deuterated chloroform solution using linear ultraviolet absorption, FTIR and 
fluorescence spectroscopy. 
 
The ultraviolet linear absorption spectra for several different CouOH/MI mixtures are displayed 
in Figure 1.  It is important to note that MI absorbs at far shorter wavelengths (< 220 nm) than the 
displayed region. The absorption spectrum of 4 mM CouOH has a local maximum at 330 nm, 
which our TD-DFT calculations assign to a p*¬p electronic transition. The center of this band 
progressively red-shifts to 342 nm upon addition of up to 4 mM MI and the maximal absorbance 
increases. The observed red-shift of the absorption maximum matches previous measurements 
reported in toluene solution.26 The similarity in absorption maxima of CouOH in toluene and 
chloroform solutions is unsurprising given the very similar dielectric constants and low associated 
polarities of both solvents. Ground state DFT calculations found that the only significantly 
favorable inter-molecular interactions between CouOH and MI moieties were hydrogen-bonding 
structures via the O–H…N bridge, which we henceforth refer to as CouOH…MI. Structures 
including p-stacking between the aromatic rings were found to be energetically unstable in S0 and 
optimized to pseudo planar H–bonded structures. TD-DFT calculations show that the observed 
reduced transition energy associated with the 1pp* state of the coumarin molecule in the 
CouOH…MI complex mainly arises due to a stabilization of the CouOH p* (LUMO), via a 
favorable H–bond between the CouOH hydroxyl group and the MI nitrogen lone pair. These 
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observations are similar to the red shifted absorption of the photoacid 1,3,6-
trisdimenthylsulfonamide upon addition of hydrogen bonding acceptor molecules in aprotic 
chlorinated solvents.48 
 
Figure 2 displays the FTIR spectra for CouOH, MI and various mixtures of CouOH and MI in 
CDCl3 solution for part of the infrared fingerprint region. The major peaks in this region were 
assigned using DFT calculated vibrational frequencies (see Table 1). In CouOH/MI mixtures two 
additional vibrational peaks are present at 1331 cm-1 and 1526 cm-1. We have assigned these bands 
using DFT calculated frequencies to coupled CouOH and MI vibrational modes. 
 
The association constant between CouOH and MI molecules in CDCl3 solution was determined 
by utilizing the aforementioned two features in the FTIR spectrum that are unique to the hydrogen 
bonded CouOH…MI species. We solved the full second order equation49 to calculate the 
equilibrium constant, without introducing any approximations as per Benesi-Hildebrand 
linearization.50 Our analysis returned an association constant of 300 M-1 for reaction 1 in Scheme 
1. The full details of our analysis are given in the supporting information (SI). 
 
The value associated with the equilibrium constant has implications for our study: at the MI 
concentrations investigated (0.5–8 mM), there is a non-negligible percentage of free CouOH 
molecules in solution. For example, in equimolar solutions of 4 mM CouOH and MI, only ~41% 
of CouOH molecules are associated in the CouOH…MI form. Thus, in our ultrafast spectroscopic 
studies, we expect that the dynamics of CouOH and CouOH…MI will contribute to observed 
signals. 
 
The fluorescence spectra of CouOH and mixtures of CouOH and MI in CDCl3 solution are 
displayed in Figure 3. These data were acquired with 340 nm excitation, which coincides with the 
maximum absorption of CouOH in CDCl, with the 0.1 mM coumarin solution dominated by a 
single broad feature that peaks at ~405 nm. Full 2D fluorescence correlation spectra are given in 
Figure S3. Upon addition of MI, two additional features centered at 460 nm and 510 nm are 
present, and the intensities of these features is linearly proportional to the MI concentration, 
reminiscent of prior studies.51 We assign these features to fluorescent photogenerated products 
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based on our time resolved studies (vide infra). 2D fluorescence spectra reveal that these new 
features are strongly correlated with the red-shifted absorbance (maximum at ~345 nm– see Figure 
S3) that is only present when MI is added to CouOH. With the equilibrium constant determined 
through FTIR measurements, we infer that the absorption cross-section for H-bonded CouOH/MI 
molecules is greater than of ‘free’ CouOH in CDCl3 solution: in the linear absorption spectrum for 
the 1:1 mixture, we estimate that ~59% of CouOH molecules are ‘free’, and so 41% of hydrogen 
bonded CouOH molecules must be responsible for the large increase in absorption peaking at 345 
nm. Along with the minor depletion of uncomplexed CouOH (evident at 310 nm), this can only be 
reconciled if the H-bonded species has a larger absorption cross-section than isolated CouOH.  
 
The concentration of CouOH and MI used for fluorescence studies was far lower than for UV 
absorption or FTIR measurements, and we estimate that the hydrogen bonded CouOH…MI species 
comprises  no more than ~2% of the CouOH reservoir even for solutions containing the highest 
MI concentrations displayed in Figure 3. Despite isolated CouOH molecules being the dominant 
form of coumarin in chloroform solutions, the photoproduct emission bands are more intense than 
monomeric CouOH for solutions containing > 0.025 mM MI. This implies the fluorescence 
quantum yield of the photoproducts must be orders of magnitude higher than CouOH. At this stage, 
we can partly rationalize this observation based on the low fluorescence quantum yield of isolated 
CouOH, which we determined to be 5 ± 1 %. We also note that the relative intensity of the maxima 
at 460 nm and 510 nm are independent of concentration, which implies either that both bands arise 
from the same chemical species (e.g. a Franck-Condon vibronic progression), or alternatively if 
the bands correspond to different chemical photoproducts the relative product branching is 
independent of MI concentration. 
 
Time Resolved Infrared Spectroscopy 
TRIR studies were used to identify vibrational signatures of inter-molecular ESPT products 
between CouOH and MI in CDCl3 solution. The data for 4 mM CouOH in CDCl3 solution is 
displayed in Figure 4(a). Negative features in the TRIR data coincide with major features in the 
linear CouOH FTIR spectrum (see Figure 2) and correspond to loss of ground state CouOH parent 
molecules. The time-dependent intensity of these features reflects the percentage of molecules 
returned to S0. Positive features arise from S1 CouOH molecules or any photogenerated species. 
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The majority of vibrational features in the TRIR data were assigned using TD-DFT calculations– 
see Table 2.  
 
Within the first 4 ps, the feature initially centered at 1393 cm-1 blueshifts by ~3 cm-1 to 1396 cm-1 
accompanied by a slight increase in intensity. The 1396 cm-1 vibrational feature is associated with 
a ring breathing CouOH mode. DFT and TD-DFT calculated minimum energy geometries for S0 
and S1, respectively, reveal that the structures vary by a slight expansion of the coumarin ring, and 
thus the ring breathing mode is intrinsically coupled to the p*¬p electronic transition. Initial 
Franck-Condon excitation of CouOH molecules into the S1 state places molecules out-of-
equilibrium with respect to the nuclear degrees of freedom associated with this vibration. 
Equilibration on the S1 state leads to a change in the force constant associated with this vibrational 
mode, explaining the observed vibrational Stokes’ shift. The kinetics of the positive transient at 
~1445 cm-1 are the most spectrally isolated and thus used to determine the CouOH S1 lifetime = 
51.7 ± 4.2 ps (see Figure S10). 
 
At the longest pump-probe time delay accessed in this study, the majority of both positive and 
negative features have almost fully decayed to zero signal intensity, however, the ground state 
bleach recovery is incomplete at t = 1 ns. A broad peak centered at 1490 cm-1 rises at t > ~70 ps. 
DFT calculations were able to assign this vibrational feature to T1 CouOH molecules which we 
assume will be relatively long-lived. At t =1 ns, the bleach recovery is > 90% complete, and thus 
we infer that intersystem crossing in CouOH is a relatively minor non-radiative decay pathway. 
We rule out any fraction of molecules ring-opening via C–O bond cleavage on the pyran ring based 
on previous experiments of bare coumarin in acetonitrile,52 and from our own 1H-NMR 
experiments. 4 mM CouOH solutions were irradiated for up to five hours and then NMR data were 
acquired (Figure S2). These spectra did not contain any additional peaks associated with the build-
up of ring-opened products. 
 
Upon addition of 1 mM of MI to 4 mM CouOH solutions (Figure 4(b)) TRIR data contain three 
additional positive features centered at 1338, 1420 and 1466 cm-1. The intensity of these bands 
increases further as the MI concentration is elevated to 8 mM (Figures 4(c,d)). These new transient 
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features are far longer lived (> 1 ns) than S1 CouOH molecules in the absence of MI base (see 
Figure 4(a)). 
 
Aside from these three new features in CouOH/MI mixtures, there is also a bleach feature present 
at 1515 cm-1 which corresponds to a MI vibration. Although MI does not absorb at 330 nm (the 
pump wavelength used in this study), the bleaching of this feature is instantaneous, meaning some 
portion of MI S0 molecules are depopulated within the instrument response (TRIR ~300 fs, TA 
~200 fs). We propose MI acts as a H+ or H acceptor from photoexcited CouOH molecules, via 
ESPT (as previously reported26) or excited state H atom transfer, respectively. 
 
To discriminate between these two possible photochemical reactions, we calculated a range of 
ground and excited state species corresponding to possible photogenerated products from 
intermolecular excited state proton transfer or H atom transfer (geometries of all the calculated 
structures are given in SI). The best agreement to the vibrational signatures in our experimental 
data was to the CouO–*…HMI+ ESPT products. Notably we found that vibrational bands mainly 
localized to the excited state anion had higher oscillator strengths than those associated with the 
protonated methyl-imidazole partner. Further, we note that the match is far poorer between 
experiment and theory for just CouO–*, and thus the H–bond remains intact post-ESPT. 
 
The electronic structure returned by TD-DFT calculations also support this picture; an exciton 
(electron-hole) analysis of the vertical excited state of CouOH*…MI and CouO–*…HMI+ products 
showed that electron and hole remain localized on the coumarin derivative after proton transfer, a 
finding which is only consistent with heterolytic bond fission (e.g. proton transfer) instead of 
formation of a radical pair via H atom transfer, which presumably would occur on a 1ps* state.53,54 
Full details of the exciton analysis are given in the SI.  
 
Further increasing the MI concentration, data shown in Figures 4(c) and (d), greatly enhances the 
intensity associated with the inter-molecular ESPT photoproduct features over the CouOH S1 
bands. All of the ESPT vibrational bands exhibit a time-dependent vibrational Stokes’ shift of ~4–
6 cm-1 within the first 20 ps towards higher frequencies. For the 1421 cm-1 feature, the peak 
maximum shifts to higher frequencies with a time constant of 9 ps (see analysis for 4 mM CouOH 
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and 8 mM MI solutions in Figure S11). This is far more dramatic than observed for S1 CouOH 
ring breathing modes, and reconciled on the degree of molecular re-arrangement associated with 
S1¬S0 excitation of neutral CouOH is small compared to the loss of a proton, anion formation and 
subsequent re-organization. 
 
To elucidate the dynamics of excited state proton transfer, the kinetics of the spectrally isolated 
1421 cm-1 CouO–* transient became the focus of our quantitative analysis. We integrated over the 
whole peak area (1416–1425 cm-1) to account for the observed shift in the peak wavenumber and 
growth in peak intensity and fit these data to a sum of exponentials. Analysis for two different 
CouOH/MI mixtures are displayed in Figure 5. For all datasets, the dynamics were fitted with a 
tri-exponential function (one rise and two decay components). Time constants returned from these 
analyses are tabulated for each CouOH/MI mixture in Table 4. 
 
The kinetics returned from fitting are independent of MI concentration within the reported errors. 
We have determined the S1 lifetime of CouOH to be 51.7 ± 4.2 ps which limits greatly reduces the 
probability of bimolecular diffusion controlled ESPT reactions between CouOH* and MI. We 
estimate that the upper limit for diffusion-controlled rate of reaction for our photoacid-base is 3.7 ´ 
1010 M-1 s-1 (see SI for details and approximations). For the highest concentrations we examined 
(4 mM CouOH and 8 mM MI) this translates to a bimolecular reaction constant of 7.7 ns and 
greatly exceeds the excited state lifetime of the photoacid, precluding any diffusive ESPT. 
Resultantly all the ESPT products we observe originate from pre-hydrogen-bonded photoacid-base 
molecules. Therefore, increasing the MI concentration must only affect the amount of hydrogen-
bonded S0 CouOH…MI molecules in solution prior to photoexcitation, and hence the ESPT product 
yield, but not the mechanism. We note that previous TRIR and time-resolved fluorescence studies 
have observed such diffusion controlled ‘loose’ ESPT dynamics for photoacids with longer excited 
state lifetimes and at orders of magnitude higher acid/base concentrations.31,33,34,55  
 
Each time constant should be descriptive of a specific molecular process that occurs on the excited 
state: We assign the first time constant (~3 ps) to formation of CouO–* photoproducts far from 
equilibrium, which as nuclei re-arrange to the new minimum energy structure, as evident from the 
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vibrational Stokes shift, leads to an increase in oscillator strength. Inevitably such processes greatly 
depend on the solvent re-organization timescale of chloroform, which is dominated by t ~4 ps.56 
 
The inter-molecular ESPT products decay biexponentially with ~70 ps and > 1 ns time constants. 
Based on the TRIR data alone, it is not possible to assign mechanisms to the product decay 
pathways and requires insights from transient absorption spectroscopy. 
 
Transient Absorption Spectroscopy 
Transient absorption spectroscopy measurements provided further insights into the fates of ESPT 
products. A selection of these data for specific pump-probe time delays are shown in Figure 5, 
alongside the kinetics associated with specific probe wavelengths. Full datasets are provided in the 
supporting information (Figures S12–18). 
 
The transient absorption data for 4 mM CouOH in CDCl3 solution is displayed in Figure 6(a) for 
several representative pump-probe time delays. At early time delays (t < 30 ps) transient absorption 
signals are dominated by three main features: a negative signal centered at ~460 nm corresponding 
to a stimulated emission (SE) from S1 CouOH molecules, and two positive signals peaking at 370 
nm and 625 nm corresponding to Sn¬S1 excited state absorptions (ESAs). Direct comparison with 
the linear fluorescence spectrum (420 nm) reveals that the central frequency of the SE feature (460 
nm) observed in TA experiments (Figure 6(a)) does not match the fluorescence maxima- see 
Figure 3. We reconcile this difference by requiring the oppositely signed ESA signal intensity is 
greater than the SE in the l < 420 nm spectral region, and the negative feature present in the TA 
spectrum originates from the very the red edge of the SE. 
 
At longer pump-probe time delays, (t > 150 ps) an additional positive feature centered at ~480 nm 
rises. On the basis of conclusions drawn from our TRIR data, we assign this to a CouOH Tn¬T1 
ESA transient. The kinetics associated with the main S1 CouOH ESA (lprobe = 370 nm) and 
overlapping CouOH S1 SE/T1 ESA (lprobe = 460 nm) are displayed in Figure 6(d). 
 
Addition of 1 mM MI to 4 mM CouOH solutions dramatically changes the TA spectral profiles 
and associated kinetics (see Figures 6(b,e)); an additional ESA feature centered at ~400 nm 
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maximizes within the first ~100–150 ps, and the stimulated emission signal grows with intensity 
up to ~20 ps whilst simultaneously red-shifting by ~20 nm. The maximum of the red-shifted 
fluorescence (at t > 20 ps) matches the peak at 480 nm present in steady-state fluorescence data 
for CouOH…MI mixtures. The appearance of these new features and evolution within the first ~20 
ps is rationalized in terms of excited state proton transfer reaction (vide supra). 
 
When the concentration of MI is further increased (to a 1:2 CouOH:MI ratio) the TA spectra shown 
in Figure 6(c) are completely dominated by the ESA and SE signals we have attributed to inter-
molecular ESPT products. Notably, the signal intensity compared to that of isolated CouOH 
(Figure 6(a)) is ~3 times as intense. A comparison of the kinetics for 402 nm and 480 nm probe 
wavelengths of the 4:1 and 1:2 CouOH:MI mixtures (Figures 6(e,f), respectively) show the 
associated dynamics are concentration dependent, but we recognize at these low absolute 
concentrations the majority of CouOH molecules are not hydrogen bound to a MI in the ground 
state prior to excitation, and thus the TA spectra represent a mixture of the dynamics of ‘free’ 
CouOH molecules, and the hydrogen bound CouOH…MI ESPT reaction. 
 
To isolate the dynamics associated with inter-molecular excited state proton transfer, we subtracted 
the CouOH dataset (weighted) from mixture datasets. An example of this subtraction is given in 
the SI section (Figure S19). The kinetics (after subtraction) associated with integrating over the 
stimulated emission feature (between 460–500 nm) are shown in Figure 7 (a,b) for two CouOH/MI 
mixtures, corresponding to 1 mM and 8 mM MI added to 4 mM CouOH, respectively. These data 
were fit to a tri-exponential function, with two components accounting for an increased negative 
signal, and a one for the loss of stimulated emission. The time constants and amplitudes returned 
from these analyses for 6 different CouOH/MI mixtures are tabulated in Table 5. 
 
Similar to our TRIR studies, the time constants returned by fitting are independent of MI 
concentration, and therefore physical phenomena underlying the dynamics must be related to the 
formation, rearrangement and subsequent relaxation of the CouO–*…HMI+ of ESPT 
photoproducts, once more indicating that absence of diffusion-controlled ESPT in our study. 
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The first time constant of ~1 ps is associated with a fast increase of stimulated emission from 
nascent CouO–* photoproducts, however, this is a shorter time constant than retrieved from TRIR 
studies. In the limit of the Born-Oppenheimer approximation, the change in electronic structure 
associated with transformation of CouOH* to CouO–* is seamless compared to the slow response 
of the nuclei. Therefore, the SE from CouO–* in TA measurements should be more sensitive to the 
ultrafast proton transfer reaction than the new transients observed in TRIR measurements and 
therefore we ascribe this fast time constant to the on-contact ESPT process. This observation 
agrees with the very small barrier to ESPT predicted by prior43 and our own TD-DFT calculations 
(see General Discussion). The kinetics extracted from the TRIR data not only reflect population 
of photoproduct formation, but also a change in vibrational oscillator strength upon equilibration 
of the CouO–* products. The time-dependent Stokes’ shift57 observed in the TA data reflects the 
solvation dynamics associated with anion formation– see shifting minimum of SE band plotted in 
Figure S20. 
 
There are some similarities with the work of Pines et al., who investigated the changes in hydrogen 
bonding network and ring geometry of a photoacid with a hydrogen bonding acceptor in the 
scenario where ESPT does not take place.48 They observed a time-dependent red-shift in the SE 
signal, and attributed this to re-equilibration of the S1 photoacid ring geometry and the hydrogen 
bonding bridge as influenced by the solvent re-organization timescale, but these data do not contain 
signals attributable to ESPT. As our spectral shifts in the CouOH/MI mixture solutions arise from 
the growth of coumarin anion photoproducts via ESPT, we are unable to comment on the changes 
along the H-bonding co-ordinate immediately prior or during ESPT.” 
 
The second time constant, ~33 ps, is associated with an increase in the SE signal and is also 
independent of MI concentration. One possible explanation for this observation is provided by our 
TD-DFT calculations which find a p-stacked exciplex of CouO–*…HMI+ is only 0.128 eV higher 
in energy than the minimum energy associated with the initial ESPT products. In this structure, 
the ÐOHN angle becomes ~120° and maintains the O–…H–N hydrogen bond, with the aromatic 
rings face-on and separated by ~3 Å. Whilst this is thermodynamically ‘up-hill’ for the specific 
calculated geometry, solvent fluctuations can easily provide the driving force for this re-
arrangement. To form such species will require displacement of solvent molecules sandwiched 
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between the two rings, and thus partially explains the induction time, alongside any barrier that 
must be traversed. Such phenomena have been observed for neutral aromatic molecules that are 
hydrogen bonded in S0, but p-stack in the S1 state, e.g. benzene and derivatives,58 as well as 
phenol.59 Another characteristic of such process is a very strong Sn¬S1 ESA signal,59 as we 
observed for at t > 30 ps. The branching into this channel may be relatively minor, but the oscillator 
strength associated with exciplexes’ ESA can be extraordinarily large, which for benzene dimer 
was estimated to be 76,000 M-1 cm-1.60 Our TD-DFT calculations for the minimum energy 
structure of the exciplex reveal that in the mid-infrared probe region we investigated, the exciplex 
vibrational frequencies are almost indistinguishable from the precursor initial ESPT products, but 
have ~3´ smaller associated oscillator strengths. Therefore, we ascribe the ~13% decrease in TRIR 
signal on the order of tens of picoseconds to a transformation of the initial ESPT photoproducts 
into less IR active products, which manifests as a net loss in infrared signal intensity.  
 
The third and final exponential component is as a result of photoproducts relaxation to the ground 
state, which occurs on timescales longer than 1 ns. 
 
General Discussion  
Using a combination of TRIR and TA spectroscopy and accompanying DFT calculations, we have 
elucidated the molecular mechanism of bimolecular excited state proton transfer dynamics 
between 7-hydroxy-4-(trifluoromethyl)-1-coumarin and 1-methylimidazole in chloroform 
solution, as schematically illustrated in Figure 8. 
 
From our studies of CouOH solutions, we did not discern any solute-to-solvent ESPT, as CDCl3 
is a very poor proton acceptor. From our TRIR and TA studies, the S1 excited state lifetime of 
CouOH was determined to be 51 ps, and we observed a minor intersystem crossing pathway (<10 
%). 
 
We determined the association constant for hydrogen bonding between CouOH and MI in CDCl3 
solution to be 300 M-1. TRIR and TA studies of these solutions revealed direct spectroscopic 
signatures of inter-molecular ESPT between CouOH and MI, yielding  
CouO–*…HMI+. TD-DFT one-dimensional scans along the intermolecular hydrogen-bonding co-
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ordinate RO—H…N are displayed in Figure 8(b) and show the minimum energy ESPT barrier is 
minimal (0.02 eV) at the TD-DFT/wB97XD/6-31+G**/PCM level of theory. We note that despite 
the 1D nature of the PECs in Figure 8, the potential will be shallow in the Franck-Condon region, 
especially in the degrees of freedom surrounding the intermolecular hydrogen bond. Therefore not 
all molecules will experience the same barrier to ESPT, which in turn may be slightly higher for 
some of the ensemble. 
 
At longer time delays, we infer that a portion of the initial CouO–*…HMI+ products re-organize to 
form exciplexes (Figure 8(c)). Such products have very high ESA cross-sections, but whilst we do 
not know the quantum yield for the channel, we have been able to assign a rise time to this process. 
 
Some of our findings are contrary to the prior study by Westlake et al.,26 who examined ESPT 
between CouOH and MI in toluene solutions. They acquired TA data for two different 
concentrations of the photoacid and base: 1:5.9 and 1:14700 CouOH:MI ratios. These ratios are 
above those we studied (maximum of 1:2). We found that investigating the concentration 
dependence to TA data was crucial to deciphering whether any diffusional ESPT was important 
for ‘free’ CouOH molecules, in addition to the ESPT for hydrogen-bonded complexes, and 
isolation of the excited state reaction dynamics of uncomplexed CouOH. The reported kinetics in 
the prior study likely reflect a convolution of monomeric CouOH relaxation and ESPT, and may 
explain the discrepancy between our fitted returned time constants (1 ps and 30 ps) and the 
previously observed rise times of the SE (< 1 ps and ~5–10 ps). We also note that the prior work 
had a longer instrument response for TA measurements than our own (800 fs vs. 200 fs) and are 
therefore unlikely to be able to resolve the < 1 ps rise time that we clearly observe. Westlake et 
al.26 attributed the bimodal rise in SE to immediate H+ transfer and delayed proton transfers, due 
to a sub-ensemble of molecules where the O–H…N co-ordinate is not immediately in the correct 
configuration. Given the calculated minimum energy barrier to ESPT is so low, as per the 
calculations of Sarverse et al.43, we rule out such a mechanism and assign the secondary rise 
component to exciplex formation. 
  
Notably at the concentrations of MI used in our studies, we do not see evidence for any excited 
state tautomerization of Cou–*, that previous experimental studies26 and theory43 have invoked to 
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explain a ~300 ps red shift in the fluorescence maxima for 0.34 mM CouOH and 500 mM MI 
solutions via time correlated single photon counting. The mechanism provided in these studies use 
a hydrogen bonded network of MI molecules around the Cou–* to shuttle the proton from one end 
of the coumarin to the other, in a net tautomerization reaction. Such a mechanism is very 
reminiscent of gas phase cluster studies.61 We anticipate that our TRIR studies would be very 
sensitive to this reaction, via changes in aromatic CouO*– vibrational frequencies, however, we do 
not see evidence for this process in either our TA or TRIR studies This may be due to the low 
concentrations we have focused on in our study, where such a multibody diffusion-controlled 
reaction is not accessible in our 1 ns probe window, or because the previously attributed 
mechanism is not operational. 
 
Conclusions 
We have investigated the bimolecular excited state proton transfer between 7-hydroxy-4-
(trifluoromethyl)-1-coumarin and 1-methylimidazole in deuterated chloroform using ultrafast 
time-resolved infrared and transient absorption spectroscopies, accompanied by density functional 
theory calculations. In contrast to prior experimental studies, we have studied this system at low 
photoacid-base ratios to elucidate the molecular mechanism for ESPT and investigate whether 
there is a significant concentration dependence, e.g. diffusion-limited bimolecular ESPT, to the 
overall reaction. Through static infrared spectroscopy, we found that the equilibrium constant for 
hydrogen bonding between CouOH and MI is 300 M-1 in chloroform solution, and only molecules 
that are already in this configuration are primed for inter-molecular ESPT. Notably we do not see 
evidence for diffusion controlled ESPT as the CouOH S1 lifetime is 52 ps, and the associated 
bimolecular time constant for reaction is 7.7 ns at the low absolute concentrations of acid and base 
investigated. This therefore permits us to investigate the ‘contact’ ESPT reaction of pre-hydrogen 
bonded photoacid-base molecules in isolation. With superior time resolution compared to prior 
studies of this photoacid-base pair,26 we elucidate an ESPT time constant of ~1 ps. Time resolved 
infrared measurements reveal definitive vibrational signatures of CouO–*…HMI+ ESPT 
photoproducts. Transient absorption measurements provide complimentary information on the 
fates of these initial ESPT products, which subsequently re-arrange to p-stack, thereby reducing 
the net charge on the overall complex. We do not see evidence for excited state tautomerization of 
the coumarin anion mediated via a chain of MI molecules. Either this is because our study focuses 
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on MI concentrations £ 8 mM and we are insensitive to any multibody reaction dynamics that 
occur on >> 1 ns timescales or no tautomeric species are formed in chloroform solutions. We 
envisage that our thorough and systematic study of CouOH and MI in CouOH solution will spur 
on high-level dynamical theoretical calculations to investigate the earliest epoch of a 
computationally tractable inter-molecular ESPT reaction. 
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Table 1. Experimentally observed and assigned calculated (DFT/wB97XD/6-31+G**/PCM) ground state 
vibrational frequencies corresponding to the major peaks in Figure 2 and associated nuclear motions. All 
calculated frequencies were scaled by 0.96 to account for any anharmonicity. 
Observed / cm-1 Calculated / cm-1 Assignment 
CouOH 
1310 1305 Symmetric C–C phenol ring breathing/O–H bend 
1347 1344 Anti-symmetric C–C phenol ring breathing/O–H bend 
1407 1391 Out-of-phase C–C ring breathing on both pyrone and phenol moieties 
1446 1442 In-phase C–C aromatic ring breathing mode on both pyrone and phenol ring /O–H bend  
1518 1510 Symmetric C–C phenol ring breathing/C–O stretch 
MI 
1421 1429 –CH3 scissor 
1505 1509 Anti-symmetric ring breathing 
1518 1518 Symmetric ring breathing/N–CH3 stretch 
CouOH…MI 
1331 1352 Symmetric C–C phenol stretch/C–O stretch/MI ring breath 
1526 1581 CouOH ring breathing/ CouOH O–H bend/MI ring breathing 
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Table 2. Experimentally observed and assigned calculated (TD-DFT/wB97XD/6-31+G**/PCM) S1 
CouOH vibrational frequencies and associated nuclear motions. All calculated frequencies were scaled by 
0.96 to account for any vibrational anharmonicity. 
Observed / cm-1 Calculated / cm-1 Assignment 
CouOH (S1) 
1316 1321 Anti-symmetric C–C phenol ring breathing/O–H bend 
1396 1387 Symmetric C–C phenol ring breathing/anti-symmetric C–C stretch on pyrone  
1449–1466 
1420 
 
1455 
In-phase C–C aromatic ring breathing mode on 
both pyrone and phenol ring  
Anti-symmetric C–C phenol ring breathing 
1525 
1495 
 
In-phase C–C aromatic ring breathing mode on 
both pyrone and phenol ring /O–H bend) 
CouOH (T1) 
1449–1466 
1429 
1469 
1482 
Out-of-phase C–C ring breathing on both pyrone 
and phenol moieties 
In-phase C–C ring breathing on both pyrone and 
phenol moieties 
Out-of-phase C–C ring breathing on both pyrone 
and phenol moieties/C–O stretch on phenol ring 
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Table 3 TRIR experimental frequencies of the CouO–*…HMI+ photoproducts, calculated (TD-
DFT/wB97XD/6-31+G**/PCM) excited state vibrational frequencies and associated nuclear motions. 
Calculated frequencies were scaled by 0.96 to account for any anharmonicity. 
Observed / cm-1 Calculated / cm-1 Assignment 
1338 1335 Out-of-phase C–C ring breathing on both pyrone and phenol moieties 
1421 1370 In-phase C–C ring breathing on both pyrone and phenol moieties coupled to MI ring breathing 
1466 1491 Symmetric C–C phenol ring breathing/in-phase C–O stretch coupled to N–H stretch 
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Table 4. Time constants and normalized amplitudes returned from fitting the 1420 cm-1 photoproduct band. 
CouOH:MI / mM τ1 / ps τ2 / ps τ3 / ns A1 A2 A3 
4:1 3.4 ± 0.4 66 ± 38  > 1 0.46  0.14  0.40  
4:2 3.3 ± 0.2 72 ± 26 > 1 0.44 0.13 0.43 
4:4 3.3 ± 0.2 70 ± 16 > 1 0.44 0.14 0.42 
4:8 3.3 ± 0.2 71 ± 19 > 1 0.45 0.13 0.42 
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Table 5. Time constants and associated normalized amplitudes returned from tri-exponential fitting of SE 
band centered at 470 nm in TA data.  
CouOH:MI / mM τ1 / ps τ2 / ps τ3 / ns A1 A2 A3 
4:0.25 1.1 ± 0.3 35 ± 4.4 > 1 0.15 0.19 0.66 
4:0.5 1.1 ± 0.2 34 ± 6.5 > 1 0.22 0.14 0.64 
4:1 0.8 ± 0.1 30 ± 2.9 > 1 0.20 0.17 0.63 
4:2 0.8 ± 0.2 27 ± 3.6 > 1 0.21 0.20 0.59 
4:4 1.3 ± 0.2 41 ± 4.4 > 1 0.19 0.16 0.65 
4:8 0.9 ± 0.1 28 ± 2.3 > 1 0.21 0.16 0.63 
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Scheme 1. Reaction schemes for (1) ground state hydrogen-bonding equilibrium between CouOH and MI, 
(2) excited state proton transfer, (3) subsequent p-stacking of photoproducts to form exciplex. 
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Figure 1. Ultraviolet absorption spectra for the specified CouOH:MI mixtures in deuterated chloroform 
solution (100 µm pathlength cell). 
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Figure 2. Ground state mid-IR absorption spectra for the specified CouOH:MI concentrations in CDCl3.  
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Figure 3. Fluorescence spectra for the specified CouOH:MI concentrations in CDCl3 using 340 nm   
excitation. 
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Figure 4. Transient infrared spectra for (a) CouOH 4 mM, (b) CouOH 4 mM and 1 mM MI, (c) CouOH 4 
mM and 4 mM MI, and (d) CouOH 4 mM and 8 mM MI. 
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Figure 5. Integrated signal for the vibrational band centered at 1420 cm-1 (black circles) and tri-exponential 
fits to data (red line) for (a) 4 mM CouOH and 1 mM MI and (b) 4 mM CouOH and 8 mM MI solutions. 
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Figure 6. Transient absorption spectra at displayed pump-probe time delays for (a) 4 mM CouOH (b) 4 
mM CouOH and 1 mM MI, (c) 4 mM CouOH and 8 mM MI solutions. (d-f) Associated kinetics for 
displayed probe wavelengths and respective mixtures. 
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Figure 7. Integrated signal intensity for the stimulated emission centered at 470 nm (black circles) and 
triexponential fits to data (red line) for (a) 4 mM CouOH and 1 mM MI and (b) 4 mM CouOH and 8 mM 
MI solutions. 
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Figure 8. (a) Schematic potential energy surface (PECs) for CouOH based on DFT optimized structures of 
several key geometries (o symbols). (b) PECs associated with the O–H stretch co-ordinate of CouOH…MI. 
The O–H bond length was held at the displayed values and the rest of the geometry optimized for the S1 or 
S0 states, as denoted by o and * symbols respectively. (c) Schematic PEC based on the exciplex S1 minimum 
energy structure, and respective S0 energy at this geometry as a function of the ÐOHN angle 
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